Fatty acids are a widely studied group of lipids of sufficient taxonomic diversity to be useful in defining microbial community structure. The extraordinary resolution of glass capillary gas-liquid chromatography can be utilized to separate and tentatively identify large numbers of fatty acid methyl esters derived from the lipids of estuarine detritus and marine benthic microbiota without the bias of selective methods requiring culture or recovery of the microbes. The gas-liquid chromatographic analyses are both reproducible and highly sensitive, and the recovery of fatty acids is quantitative. The analyses can be automated, and the diagnostic technique of mass spectral fragmentation analysis can be readily applied. Splitless injection on glass capillary gas chromatographic columns detected by mass spectral selective ion monitoring provides an ultrasensitive and definitive monitoring system. Reciprocal mixtures of bacteria and fungi, when extracted and analyzed, showed progressive changes of distinctive fatty acid methyl esters derived from the lipids. By manipulating the environment of an estuarine detrital microbial community with antibiotics and culture conditions, it was possible to produce a community greatly enriched in eucaryotic fungi, as evidenced by scanning electron microscopic morphology. The fatty acid methyl esters from the lipids in the fungus-enriched detritus showed enrichment of the C,8 dienoic and the C18 and C20 polyenoic esters. Manipulation of the detrital microbiota that increased the procaryotic population resulted in an absence of large structures typical of fungal mycelia or diatoms, as evidenced by scanning electron microscopy, and a significantly larger proportion of anteiso-and isobranched C15 fatty acid esters, C17 cyclopropane fatty acid esters, and the cisvaccenic isomer of the C18 monoenoic fatty acid esters. As determined by these techniques, a marine settling community showed greater differences in bacterial as contrasted to microeucaryotic populations when compared with the microbial communities of benthic cores.
Fatty acids are a widely studied group of lipids of sufficient taxonomic diversity to be useful in defining microbial community structure. The extraordinary resolution of glass capillary gas-liquid chromatography can be utilized to separate and tentatively identify large numbers of fatty acid methyl esters derived from the lipids of estuarine detritus and marine benthic microbiota without the bias of selective methods requiring culture or recovery of the microbes. The gas-liquid chromatographic analyses are both reproducible and highly sensitive, and the recovery of fatty acids is quantitative. The analyses can be automated, and the diagnostic technique of mass spectral fragmentation analysis can be readily applied. Splitless injection on glass capillary gas chromatographic columns detected by mass spectral selective ion monitoring provides an ultrasensitive and definitive monitoring system. Reciprocal mixtures of bacteria and fungi, when extracted and analyzed, showed progressive changes of distinctive fatty acid methyl esters derived from the lipids. By manipulating the environment of an estuarine detrital microbial community with antibiotics and culture conditions, it was possible to produce a community greatly enriched in eucaryotic fungi, as evidenced by scanning electron microscopic morphology. The fatty acid methyl esters from the lipids in the fungus-enriched detritus showed enrichment of the C,8 dienoic and the C18 and C20 polyenoic esters. Manipulation of the detrital microbiota that increased the procaryotic population resulted in an absence of large structures typical of fungal mycelia or diatoms, as evidenced by scanning electron microscopy, and a significantly larger proportion of anteiso-and isobranched C15 fatty acid esters, C17 cyclopropane fatty acid esters, and the cisvaccenic isomer of the C18 monoenoic fatty acid esters. As determined by these techniques, a marine settling community showed greater differences in bacterial as contrasted to microeucaryotic populations when compared with the microbial communities of benthic cores.
The microbial community forms an essential element in the trophodynamics of detrital and benthic ecosystems (18) . Changes in the structure and functional interrelationships in this vital community have proved difficult to measure without the bias of methods that require separation of the microbes from their microenvironment. Staining and epifluorescent microscopic examination required either release of the microbes from the detrital or sedimentary substrates, which is not quantitative (D. J. W. Moriarty, in M. R. Walter, P. A. Trudinger, and B. J. Ralph, ed., Proceedings of the Fourth International Symposium on Environmental Biochemistry, in press), or assumptions as to the concentration on the particulate faces not visible in the preparation (12, 13) . Scanning electron microscopy shows morphology that is useful in defining the more structurally diverse microbes, but the technique is not quantitative. Unfortu (36, 43, 48) . Fatty acid analysis has been utilized in environmental studies to compare different marine depositional environments (34) , as a criterion for pollution (47) , and for tracing the origin of detritus and marine organic surface deposits (5, 39, 46, 53) . Specific branched monoenoic and hydroxy fatty acids have been used to implicate Desulfovibrio in marine oozes (6) , and the ratio of palmitoleic to palnitic acids was linked to seasonal succession in phytoplankton communities (23) .
More recently, lipids and fatty acids have been integrated into more classsical ecological studies. Extractable lipid phosphate has been proposed as an indicator of biomass in marine and estuarine sediments (58) , and changes in total lipid composition and biosynthesis have reflected successional changes in the microbiota associated with detritus (31, 53, 55, 56) . Fatty acid patterns have been investigated as possible organic tracers in establishing estuarine feeding relationships (24) and as indicators of the rise and fall of seasonal species within plankton and fouling communities (25) . Furthermore, the relative proportions of fatty acids derived from the microflora of artificial detritus have been shown to be highly correlated with the types of macroorganisms associated with the detritus (59) .
The recent introduction of a highly polar cyanosiloxane stationary phase that has sufficient high-temperature stability to be used in open tubular capillary gas chromatographic columns, the increase in sensitivity with splitless sample introduction (20) , the improved sensitivity of flame ionization detectors, and the improvement of autosampling and data processing techniques have greatly facilitated the analysis offatty acids derived from the lipids of detrital and sedimentary microbial communities. This paper will show that the extraordinary resolution of branched, cyclopropane, and isomeric unsaturated fatty acid methyl esters by glass capillary gas-liquid chromatography can be very useful in determining the community structure of estuarine detrital and benthic marine microbial assemblies.
MATERIALS AND METHODS
Materials. Nanograde hexane and freshly redistilled analytical-grade chloroform (Mallinckrodt, St. Louis, Mo.) were used. Other analytical-grade solvents were used without further purification. Fatty acid standards were supplied by Supelco, Inc. (Bellefonte, Pa.) and Applied Science Laboratories (State College, Pa.).
Scanning electron microscopy. Samples were prepared for scanning electron microscopy immediately upon removal from experimental tanks with a modification of the method described earlier (41 Lipid phosphate analysis. Lipids were digested in 23% perchloric acid for 2 h at 2000C and were analyzed for phosphate by a modification of the Bartlett method (2, 58) .
Growth of cultures. A strain of wild-type Neurospora crassa was grown by using 500 ml of Vogel's N broth (52) press). At the end of the experiments, the sediments were sieved through 1-mm mesh sieves, and the macrofauna were recovered. The sands from this recolonization experiment were then quickfrozen. Control cores (10 cm in diameter) of the top 3 to 5 cm of undisturbed sandy bottom were treated similarly. Forty-gram samples were thawed, extracted, and analyzed for benthic microbial and meiofaunal fatty acid content.
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Mass spectrometry. Gas chromatography-mass spectrometry of each sample was performed with a Hewlett Packard 5983 instrument, using the same capillary column under identical conditions. Electron impact mass spectrometry was performed at 70 eV.
The ion source was held at 200°C, with the electron multiplier voltage at 3,000 V. Scans from 50 to 450 amu were run at a rate of 180 amu/s, with a scan time of 22 (26), measured with methyl-n-octadecanoate and methyl-n-nonadecanoate, was 10 .67 (mean of three analyses), with Tz/m = 0.21 (m = 50 m). The calculated theoretical plates gave n = 13,619 or n/m = 272, which is typical of cyanosiloxane-coated capillaries (21) .
Recovery. Acid methanolysis of the lipid formed fatty acid methyl esters quantitatively. Recovery of the methyl esters after partitioning the methanolysate in the chloroform was greater than 99% (Table 1) . Quantitative recovery of saturated, monoenoic, and branched fatty acid was demonstrated. The slight loss of polyenoic fatty acid esters (recovery of 93 ± 8.2%) can be further decreased by careful flushing of the thinlayer chromatograph chamber with argon.
Sensitivity. The sensitivity was determined by measuring the response of dilutions of methyl nonadeconoate in hexane; 1 ng gave a response four times the noise level at an electrometer sensitivity of 8 x 10-12 A/mV.
Reproducibility. The accuracy of the gas chromatographic analysis of the samples was evaluated by using both standard mixtures and environmental samples containing fatty acid methyl esters after isolation by thin-layer chromatography. Peaks were normalized to methyl nonadecanoate. Trimmed means were computed in a method similar to that of Herb and Martin (22) .
The standard deviation (±la) was 4.6% for repeated analyses (10 replicates) on a mixture of 11 common bacterial fatty acids, including saturated branched and straight-chained, cyclopropane, and monoenoic fatty acid methyl esters.
Typically, sand samples were much more complex, with over 240 components commonly de Manipulation of the estuarine detrital microbial community structure. To establish whether the fatty acid methyl esters could reflect changes in natural community structures, nylon sheets were incubated in a subtropical estuary and transferred either to tanks where eucaryotic growth was inhibited by cycloheximide and procaryotic growth was stimulated by addition of phosphate and glutamine or to tanks where procaryotic growth was inhibited by penicillin and streptomycin and eucaryotic growth was stimulated by acid pH, sucrose, and nutrient broth.
Scanning electron micrographs show clear morphological differences in the microbial community structure (Fig. 3) . The stimulation of eucaryotic and inhibition of procaryotic growth resulted in the proliferation of fungal mycelia, as observed at both high and low magnifications ( Fig. 3A and B) . These mycelia were completely absent in the cycloheximide-inhibited preparation ( Fig. 3E and F) . Some filaments were visible on the procaryote-stimulated detritus, but they were sparsely distributed and were three to four times thinner than those in the strips where fungal growth was enhanced. The detritus incubated in the control had a mixed community of bacteria, fungi, algae, and diatoms ( Fig. 3C  and D) .
The clear morphological differences in estuarine detrital community structure are reflected in the fatty acid methyl ester concentration (Table 2). Stimulation of procaryotic and depression of eucaryotic growth ( Fig. 3E and F) showed marked increases in the ratios of the branched to normal C15 esters and the proportion of the cis-vaccenic to oleic C18 monoenoic esters and some increase in the C17 cyclopropane ester (Table 2, column C). Stimulation of eucaryotic growth and inhibition of procaryotic growth ( Fig. 3A and B) increased the ratios of dienoic to normal saturated C08 and of total polyenoic esters of both the a-and -y-linolenic series ( Table  2 , column A). The control detrital community ( Fig. 3C and D) contained a mixture of typical procaryotic and eucaryotic fatty acid methyl esters ( Table 2 , column B).
This experiment was repeated three times with Teflon and polyethylene surfaces. In each case, the ratios of fatty acids were similar to those given in Table 2 .
Benthic marine microbial community. Analysis of the sediment microbiota has proved difficult (55 bottom. There was a significantly larger community in the cores, which contained more than twice the lipid phosphate. The bacterial component, particularly the component containing the short-branched fatty acids, was depressed in the sand-colonizing community as compared with the undisturbed benthic community. The same was true for the bacterial component containing cyclopropane fatty acids. The microbes utilizing the anaerobic microbial fatty acid synthetic pathway (18:1w) and the eucaryotic communities contributing 18:2, a-and y-linolenic polyenoic series (03 and w6), and 24:0 were not significantly different.
Identification of specific components. The fragmentation patterns of fatty acid methyl esters in the electron impact mass spectrometry often give specific structural information. For methyl stearate (Fig. 1A, component 15 (Fig. 3A and B) .
'Ratios in the control (Fig. 3C and D) . d Ratios in the microprocaryote-stimulated environment ( Fig. 3E and F) . ' 4 mass units less than that of the unsaturated ester. It also shows prominent hydrocarbon fragments of C-5, C-6, C-7, C-8, and C-9, which are larger than the odd electron ion at m/e 74 from the McLafferty rearrangement or the radical transfer fragments at m/e 87, 143, 199, and 255, which are so characteristic of the saturated fatty acid methyl esters (15) . The position of the double bonds in this sample was inferred from its retention time on the gas chromatograph compared with an authentic standard. The i15:0, a15:0, and n15:0 (Fig. 1A , components 6, 7, and 8) show fragments at m/e 84, 87, 143, and 199, which identify the components as saturated fatty acid methyl esters. The increased likelihood of sigma bond cleavage at a branched carbon allows differentiation. In anteiso esters the M-57 (loss of C4H9+) is larger than the M-43 (loss of C3H7+) or the molecular ion M+. The iso and normal esters can be differentiated because the M-43 in the iso-branched ester is always larger than the M-31 or M+ (45) .
The increased fragmentation at a tertiary carbon allows the structural determination of the unusual fatty acid methyl ester (Fig. 1B, com has important consequences in the definition of the microbial population structure, as the cisvaccenic acid 18:1X7 (Fig. 1A, component 18) is formed exclusively by the bacterial anaerobic pathway. Other eucaryotic and procaryotic organisms form oleic acid 18:1w9 (Fig. 1A, component 16 ), which shows a rearrangement fragment at m/e 192, which is not in the cis-vaccenic ester.
Unsaturation is very easily defined in the chemical ionization mass spectrometry spectra. The prominent M+1 quasi-molecular ion for the 16:0, n (Fig. 1A, component 10) , is at mle 271, and that for 16:1 is at mle 269. The M-1 peak is prominent in the 16:0 at mle 269, but the M-1 peak for 16:0 (Fig. 1A, component 11 ) at mle 267 is low. When methane is used in chemical ionization, there is more prominent fragmentation in the unsaturated esters. These techniques distinguish the number of double bonds by the m/e for the M-1 quasi-molecular ion.
The chemical ionization mass spectrometry technique is useful in detecting the cyclopropane fatty acid methyl esters as the M+1 ion is 2 m/e units less than the normal ester, but the M-1 ion is present.
Selective ion monitoring. Since it is known that specific fragmentation patterns yield ions at mle 74, 87, 143, etc., for fatty acid methyl esters, it is possible to rapidly define the composition of an environmental sample by following the specific ion concentrations. It is also possible to establish whether the maximum intensity of specific ions corresponds to the maxima in the total ion current. In Fig. 4 4 . Plot of the intensity of the ions versus the number of the spectrum which corresponds to the maximum intensity of the total ion current for a fatty acid methyl ester derived from marine sediment corresponding to a brl5:0 ester between components 3 and 4 (see Fig. 1A (55) .
Significance of the fatty acid analysis.
From studies of microbial monocultures, the significance of selected fatty acids can be postulated.
Short C13 to C21 iso-and anteiso-branched fatty acids are characteristic of bacteria (36, 44, 51) . Protozoa and fungi form significant amounts of these branched fatty acids only when supplied with high concentrations of branched precursors in the growth milieu (16, 33, 40) . The shortchain, anteiso-and iso-branched fatty acids correlate well with the bacterial colonization of dead Spartina marsh grass (46) . Studies by Cranwell (9-11) suggest that bacterially-derived short-chain branched and cyclopropane fatty VOL. 39, 1980 on June 29, 2017 by guest http://aem.asm.org/ Downloaded from acids of productive lakes result from microbial decomposition of autochthonous detritus. Isoand anteiso-branched fatty acids may accumulate in the stationary growth phase of some bacterial monocultures (1) or at the surface of recent sediments (39) . Cyclopropane fatty acids in bacteria are restricted to certain lipids because they are formed from monoenoic fatty acids only when they are esterified with certain lipids (50) . The cyclopropane fatty acids are found in certain classes of gram-negative bacteria, as well as in the lactobacilli and clostridia (27, 36, 37, 48) . They are also found in the kinetosomes of some protozoa (40) and in terrestrial plants. In some bacterial species, the cyclopropane fatty acids accumulate in the stationary phase (27, 35, 38) or with adverse growth conditions (32) , resulting in a decrease in C18 mono-unsaturated fatty acids and an increase in C01 cyclopropane fatty acids.
It is possible to infer community structure from the position of the double bond in octadecanoic mono-unsaturated fatty acids (5) . The anaerobic system that is found predominantly in bacteria (3) results in cis-vaccenic acid (18:1X7) (16) .
Polyenoic fatty acids are not found in bacteria (16, 32, 36, 48 ). An exception is a conjugated dienoic fatty acid found in a bacterium under unnatural growth conditions (19) . Certain complex blue-green algae contain C18 trienoic fatty acids (16, 28, 29, 42) , but no polyenoic acids with more than 18 carbon atoms. Polyenoic acids with longer chains are typical of eucaryotes, especially photosynthetic eucaryotes (16, 48) . By noting the positions of the double bonds in these fatty acids, phylogenetic associations and further differentiation of the populations are possible (5, 14, 16, 49, 53) .
With the excellent separation of the capillary column (Fig. 1) , the a-linolenic series (double bonds begin at the w3 position), which are characteristic of yeasts, higher fungi, and algae, were readily distinguished from the y-linolenic series (unsaturation begins at the w6 position), which are characteristic of protozoa and microeucaryotic animals.
Fatty acid analysis of the detrital microbiota. In this study, the relatively simple demonstration of the usefulness of fatty acid analysis in determining the microbial eucaryote-procaryote relationship can be documented for monocultures (Fig. 2) and, by manipulation of the environment, for the detrital microbiota ( Fig. 3 and Table 2 ). The eucaryote/procaryote ratio of the detrital microbiota has been shown to correlate with the number of species, biomass, and Margalef species richness of the macrofauna attracted to baskets containing detritus in a subtropical estuary (59) .
Fatty acid analysis of the sedimentary microbiota. Analysis of benthic microbes has proved difficult because cultural and extractive methods necessitate quantitative removal of microbes from the sedimentary substrate (55) . Indirect chemical methods are effective; for example, lipid phosphate is a measure of the total sedimentary microbial biomass (58) . Fatty acid analysis can show subtle differences in the community structure. The bacterial, rather than the microeucaryotic, population appeared different in a colonizing community as opposed to a mature benthic marine community ( Table 3 ). The benthic core samples showed significantly higher proportions of short-branched fatty acids and lower proportions of cyclopropane fatty acids than did those of the community colonizing the sunbleached sand. The short-branched fatty acids are more a measure of bacterial biomass, and the proportions of cyclopropane fatty acids are a measure of physiological status, as these fatty acids may accumulate in stressed organisms (32) . The bacteria utilizing the anaerobic unsaturated fatty acid pathway (measured as 18: 1X7) and the cyanophytes and microeucaryotes (measured as polyenoic and long-chain fatty acids) were not significantly different.
Effects of animal predation on fatty acid composition. In a preliminary experiment performed in collaboration with Roy Robertson of the Sapelo Island Laboratory of the University of Georgia, the effect of excluding snails from or increasing the number of snails on estuarine muds was examined. Snail predation decreased the microbial biomass as measured by the lipid phosphate. The microeucaryotes disappeared, as indicated by the absence ofpolyenoic fatty acids. The proportion of short-branched fatty acids increased, indicating an increase in the relative proportions of bacteria with predation. A decrease in the proportions of cyclopropane fatty acids in the plots subjected to snail bioturbation suggested that these bacteria were growing too rapidly to accumulate cyclopropane fatty acids.
S (Fig. 4) . In addition, the use of selective ion monitoring of extracts from organisms exposed to 13C, 15N-, or 150-labeled precursors allows metabolic processes to be followed using precursor molecules with much higher specific activities than radioactive isotopes and with a much higher sensitivity in the analysis. The high specific activities should be particularly useful in studies of the oligotrophic environment in the ocean.
